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TALY is a membar of tha tumor necrosis factor racep-
tor superfamily and serves as a key rogulator of B cell
Mmmmbmmoummmmm.
with high affinity and containg two oysteme-rich do-
mains (CRDs) in its extracellular region; in contrast,
BCMA and 8BRS, the other koown high uffinity recoptors
for APRIL and BAFF, respectively, contain anly a singla
or partial CRD. However, another form of TACY exists
wherein the N-terminal CRD is removed by alteynative
splicing, We find that thig sharter form i capable of
ligand-induced cell signaling snd that the second CRD
alone (PACI df) contains full affinity for both ligands,
Furthermors, we report the sclntion stroctare svd als.
nine-scanning rutagenssia of TACI d3 along with co-
erystal stroctures of APRILTACT_d2 and APRILBOMA
complexes that toyether reves! the mechanism by which
ﬁﬂ[engageahighnﬂnitylig‘mﬂbindiugthmngha
single CRD, and we highlight sources of Ligand-receptor
specificity within the APRIL/BAFF system.

Membern of the tumor necrosis factar (TNF)® suparfamily of
Bgands and their receptors (TNFR) are critien] regulstors of
thaadapﬁmimmmsym'ﬂaligmdsmtypaﬂms-
memhmnemtaincytukinauthnthmdivmesnd,azﬁmes,
oppuaing effects on various immuna cel] types insluding acting
as costimulntory melerules, apoptotic agants, and growth fac-
ters (1). AFRIL {also kmown as TALL-2, snd
’PB.DL-l}isaTNF}igandthatiawernpressedbymatumm
mﬁsﬁmulateatnmmmﬂgrnwth(zhhmm.mﬁm:ﬁaafn
nerroal hicogy is loas elssr (3). APRIL ia mast similar in sa.
guence to the B cofl activation factor, BAFF (also Inown as
TNSF138, BLyS, TALL-1, THANE, and £TNF4). BAFF i1 o

'Thams!aufpubliuﬁunnfihiamﬁ:lnmde&nyu&inpmbym
payment of prga sharges. This arbizla must therefams ks b mmarked
‘advertiezment” i aceovdnncs with 18 US.C. Bection 1794 solaly to

The an-line version of this grticls {availabls o bitpSArwrw jhearg)
rantsion Tehles 81-84 nad Fg. BL

“Ihwhmmﬂmnhmldbeadﬂ:med:ﬂep:dhm
Engingering, 1 DNA Wey, South Smn Franeiseo, CA 34080, B-mal):

£om.,
! The abbroviations used are: TNF, tumor necrnsia factor; APRIL, &
protiferation-induring lignnd; BAFF, B cell activation Tncher; BUMA, B
cell mataralinn antigen; BRS, BLyS/BAFR recoptor 3; CAPS, 8<{cycio
bexylamina)propunesnifonie acd; ORD, cystelne-rich domein; HEQG,
heteronuclesr aingls quantum cchermore: MES, d-nerphalinesthans.
sulfonic acd; NFxB, nuslear factor-«B; NOB, rudanr Overhnyser o
fxct; NUESY, NOB spectroneapy; PEG, pelysthylens glytal; rm.sd,
roct mean syuars devintion; TACI, trepsmembrans activetor and,
CAMY, interactor; TNFR, membar of TNF receptar superfumily,
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mﬁalfnrﬂxanﬂmaldmalupmentufmcheﬂsﬁaaig-
nnlingthmughtha&ivexgantmmmhokmmm
EBAFF-R) (4-3).

Dupitathehdiﬁmmisfmcﬂnmmmmma
linkzd 28 thay both can bind ths TNFRa TACT and BOMA
{loumlﬁuww,mmmnasmuuahighaﬁnitymepm
for both APEY], and BAFF becauss manovalent BOMA binda
BAFF tnly wealdy {14, 16). TACT functioms, st 3zast in part, as
8 negntive rogulator of BAFE function given that Jogs of TAQT
expressins resulis in the overproduction of B calls and antoim.
munity in mica (16, 17 The Tols of BCMA is less clesr, al-
thuughitappem&:beimpurfantfmthaawﬁnlnﬂnng]iﬂd
plamace!ls(lm.ﬁ.ﬂ:irdAPm—spadﬁcmpmrmyaﬁstu
APRIL can stimulsta cells that sxpress nsithar BOMA nor
TACT (11} .

The extracalluler domnin of a typleal TNFR contains multi-
pla copiss of so-called ~d0residus cymteine-rich domaing
(CBIs), which bind in ths monsmer-monsmer interfacen of a
trimerie ligand (19}, TACT in a mzmber of the TNFR superfam-
ﬂym&ﬁngmcmﬂmmmmﬁngiym,mmm
uf‘h&ﬂlmmsimﬂarhmnhoth&(~50%sequmidm-
ﬁty)tbanistypiwlinthaTNFRfmﬁly&ﬂ).BmAandBﬂa,
mmmmmmmm“mmmm}ya
single or partinl CRD, respestively. The only other snown TN-
FRs possessing just a single CRD ave FN14 (21) and the Dro-
wpﬁhMngmm).AﬂhmmAMm’BAFFmep-
h:rCRDa.inn!nﬁingbothdmnaimufTACI,ahmammmm
sequence feature, tha gocalled DFY, motif, which conmists of a
conserved 6-renidus sequencs (Phe/TynBrphdsp-Tap Len{Vall
ThrHArg/Cly). Thin motif is required for binting to either
AFRIL or BAFF (15, 23~25). Crystal structures of BAFF bound
1o BCMA, BRS, or a peptide presanting the DEL motif in a
B-heirpin seaffold chow that this receptor motif kinds in a
hydmphnhinpocketandintamtswiﬂxtmmmedaxginins
residues on the BAFF surface (23, 24, 26). The struchure of
Mﬂmummnﬂymmbavmydmﬂmhthatof
BAFFandindicnmthntthaDXLhindingsitaismnsawaéin
the {wo Ligands (27-31), Thus, & similar mode of lgand-recap-
turi:xtem:timviatheDXLaitaisexpectedfurAMmmpm
campleres; however, ligand hindisg specificity of BR3 end
BCMA appears to be determined by interactions cubsids thig
comman. motif (15, 23, 26).

Sinre both CRDa of hurnan TACT contain the TEL motif and
have been shown qualitatively to internct with RAFF (243,
qnesﬁmmmninutowhathermchdumninacﬁvalywnhib-
vtes to igand binding in £he sontext of the full-Jangth recspter
wwhethmmbomiauplﬁ!edfmupﬁmnlﬁganﬂbinﬂing;anﬂ
ifun.{yasing]adnmainia_wﬁiﬁan&taulﬁmhigheﬁnity
This paper is avatiable on Tine 31 Btpwww earg
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binding, whether AFRIL and BAFF favor tho same or different
TACT damaina, Alternatively, both GRDs together could con-
tributa to Yigand binding as is typically observed for mulitide.
mﬂnTN?ﬁa(lSLAﬂdiﬁmﬂy,Kimmﬂm—wmkm(wham
postulated that TACL might span adfacent BAFF teimers with
its twn CRDe,

To understand whather TACT finctirns mare Jke o multids-
mahﬁﬂwﬁka&amﬂmdmmapeﬁﬁnmpmﬂm
and BUMA, we have characterived the APRIT-TACT intergs-
ton using cell-based, binchemical and ptrnetural studies, We
shswthn:anal&mmﬁveapliwfmmufmmlnﬂdngthaﬂ—
izmjnnlCRDiasﬁ]]ﬂmzﬁmslﬁrsignﬂingAthmmm
found thet culy the membrane-proximal CRD (TACT d2) is
required fir high aifinity binding to either AFRI, or BAFF.
’I’bssnluﬁanmzmraafTAGLdarewahawmpmdnmﬁn
similar to that of BCMA; howaver, combinatorial alanine-acan-
ning mutagenagis identified additional ligand hinding datarmic
nania unigue to TACI A2 The escrystal stroctures of
AFRILTACILA2 as well =8 APRIL-BOMA complexes show re.
markably large intarfoces and highlight kay differences among
affinity and specificity. Thus, desyite the presenca of two CHDa
inﬂmextmcellnlardnmainufﬂﬂl,cn?yaﬁngiedmainis
employed for both APRIL- and BAFF-dependent aignaling,

EXPEFIMENTAL PROCEDUREY

Pm%?fudwﬁan—-ﬂwinzﬂ?ﬂt.wmmdumdudcscﬁbedm
vimly(ﬂBLHnﬁnaMmum&mghmtthamdyhemwit
in battar behaved hiechem(cally thom menmmbinant homan APREL Dif
fmmmbdwmmuﬁmmdhmmmuemﬁﬁa&em
hindingdtnmalzaandaeabﬂnw),ﬁmu,mﬂnrmmﬁndm
nﬂﬁﬁmﬁrmnﬁmudhmm%mmmﬁumm
TACT 4142 (residues 31-116) and TACT_ 41 {residues 8287 wern pre-
duméﬁﬂmhnmlwixmminsmmﬁnnyﬂusmpmmdmhm
w&inxfmthn‘mmfmgzmisfuﬁuwadhyac-minaimshgm

wmmqnmedmﬂmmdﬁmmm]hmatﬂ'ﬁﬁﬂmm
pH 80, 1 ms NiCl,, § ol Cally, uad 1 o phenylesthylsulfongl
ﬂnnﬁd.-.wnmnddadwthnmm:mmuﬁm.thnpawu adjustsd tn 7,5,
and the medium wad fitared prioy o Jaeding o a niskal-nitrirte e
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mmmmgnfm-pmmmﬁtﬂm&aﬁmmﬁ
Hinding free ligand 82 a fonetion uf cpmipating recoptor erneentration,
Rmpm wmn]mtastaifurhindingaiﬂmrtuAPRlehBAFFinp

Fhoge
109) wos mubelenod inte the phagemid B
(m.mwmuedhmamﬂum‘nhmalmim‘sm
Mumﬁﬂbudmihaﬂmﬁmﬂy{w.&zhiﬂxmyms
shotgun codens et wmiquo puﬁﬁmmh’hrnrymhmushmmdm
&t posttions 72, 73, 74, 76, 75, 77, 78, 80, B, 83, and 85; library two hes
lsahntgmmdmsakpuniﬁmvﬁ,BL&,M.B?,E&,BLS?..B&.SE, 98,
B7,E8;mﬂﬁhmtbzwhuanhntgumdamnkp&-ﬁﬂmﬁﬂ,lﬂz.m&
106, 308, 107, 108, and 109, Livraries were axrted for binding ngainst
AFRIL, BAFP o mati-tag antibedy (308274 Genmtech Ine), pod
mmdphmdmuwmanﬂndudmwmmb(m.
E‘nzamhinrﬁng,méo,nadﬂuqumwmamlymdm
Yhraries one, two and thma, Tespectively, For BAFP binding, 70, 50,
msssaqummmdyndﬁrr-ﬁbmuna,Mandthxu.m
spectively, For the display gelection, at Jeagt 47 AEUENCER WATR ane-~
Tyzed for e2th Ybrory, Tha nember of tnes a pactien)ar amine ecid wan
found et each pesiton was tabulated, angd the normalired wild-typs/
mmfm:ﬁmnlmﬁu,&wmmim]nbdﬁ:ru:hpuﬁﬁmudmmw
mmmmsm.rmmammdmmm
eﬂ'mtu{mnmﬁmd’ngivmmi&uumlﬁndinxafﬁnimwithmmx
represmting delsterions mutations. Betmusa of the relntively smal
nmhuqunmmmnlynd.mlythmmnﬁﬁmnhmingagxmm
thmlﬁ-ﬁ:]duifactﬁ.a.?>m)mmsiﬂmdmiﬁmt.

NMR §) samples typically emtained ~1 mu pro-
tein, 5D masn&inmphmphate,pHT.E,EGmNnGL 0.1 myr sedingn
nxiﬂa,uadﬁﬂpul.‘-dimnauaainﬁu’nﬂcbmﬂm]uhﬁtmmm
standard in 50% H,0, 10% D0, A *100% D,0* snrnple wan mopared by
Iyephidizetion and resuspenslon in §9.995% D0, NMR spectra wezs
eogrired ot 170 on & Bruker DRESIG spectrometer equipped with a
hip]ammmmn‘jmbe.ﬂlimutawmmeduﬁnxm
o e e T e

version 9.11, Goddnrd un eller, Tniversity of ifornin,
San Franciacs), i

wern

dynamies
investigated by znalyring the stendy state PHREN-NOE as desceibed

seld {Qingen) cohuran. ARter elntion with imidarole, relovant froctios
wmpmiedmdpmiﬁndfmhﬂmn&:pudu-ﬁ(&?ﬁlniﬁngm]nm

For produrtien of bumsn TACE 43, DNA mnending TACT rewidues
58-109 was subcinned into the pRTS2n expresgion vestor (Novegen),
mﬁnxaﬁxﬁmmuﬁhmnﬂzﬁngume&:rmiwmmmﬂn-
mnin follawed by a Hir tag, thrmbin cleavage sits, then TACT 2.
Protein wos exprented in Exsherichin eoli Orignrnl (DE3) cultares
grown gt 37 °C in B mediom fir wnlabelad protein, or M8 minimal

pyramsaide,
ThioredoxinTACI 4% was purified over # pickelnitrilobiacatic add
mlum'ﬂﬁnm{mﬁuwummwzdbyﬁnmhindwvage, then TACI_ 42
vt parified farther oither using Himpdd

CAPS, nH 8.7, 400 my Nall (ruffer A) fir crystallography. Humnn
BAFF, baman BOMA-Fe, and hanan BCMAZ wera 4 and

P ly (23, 3),
ﬁishnmmtmiatamobmmd&mana!yﬁsdthnﬁﬂming
NOESY spectru: three-dimenional YH-1"N.edited NOESY (200 ms mix-
ing tima) measared in H0; Shrea-cimensional HC.edited NOESY {150
ms mixing tima) measored in D,0; end two-dimensianal *H.TH NORSY
{150 ms mixing tima} menmured In 1,0. NDE peaka were pickad man.
ually, mdNDEuximmwmnhmbaduﬁngthemmudNOE
ansignment progrom CANDID (37) fllowed by several rennds of ghoe-
fure enlenlation ang monun) restraint thesdeing., Dibadral engte re-
minumnhhjued&munlyﬁsdﬁnumm“N-‘R
ENHS gnd three-dimeneinnal “C-editadNDESY—HSQC(EOmmiﬁng
M)mamwuﬁomtﬁnumcm&m
uﬂmdbuﬁhmnhmﬁm}ﬁiﬂaﬁ&&:mmmosm
Dihedral restraints wers nppli fur guod fite to the chemical ghifts with
tha allowed range of 230" (fr &), 40" (for $). The final rtractares wenrg
caleuiated using the progrom CNX (versicn 2002; Acenlrys). 100 stroo-
fures wers coleclated waing tursicn angle dynamies followed by Corts-
#ien dynamics and miimication. The 20 sbrochures with tha lowest

perificd as deseribed previooaly (15). Tha identitis of &3 proified
mmmvmﬁmhyanﬂmmgndm

spectrometry.
cwmuﬂmmmsumaueammmmm
h:}musdbmmm]imudwmiumﬁminmﬁmnm
amﬁﬁmﬁndingfmmntﬂm-&mmﬂadbuc}ﬁm
ddp.nsingthnnminamuaﬁngpmmlmpliadbythsmnufaﬂm.
8 8 high density (4,500 resennnce wits) s tha iniéial ratn of biading
was linnarly dapandent ot fren Hgand soncentration, The chip gurfae
wes reprnavated between sampla injestions by weshing with 10 my
Hm.mugmsmmmmsmMmmmm
AFRILJintheprmmufvmﬁngmuphrmmh-nﬁmwmm-
boted for 2 k. Ssroplos sern thes prssed over the BCMA-Fucompled
murfacn. A linenr fit of the initial ox-rete of the observed seaperprams
wun used o calenlels the concpmtration of free ligend, Tha 10, valnes

energy were chesen to reprosent the snltion strne
tare (Teble 82).

%ﬁmmwm&ummnn{mﬂm
fhzu}wmlmumﬂmnsmudmﬁnboudmmatheum-
farnation of the C-termmina) disulfide (Cys™/Cya™), Tims, & separata
sadsmmmmﬂnﬁmzdﬁmﬂmﬁamhﬁma

atrasture {(—60 & P fir e, =60 % 20° fot' yy, and =80 = W for piin
addition to the NME-derived restraints, Uning thess ndditionat re.
straintg bad the destred sfect on disuifide bond geometry yut did not
Introdiee sigmificant NOE or dihedral angln restraint violations
{r.am.a.d values of 0.008 A rmd 0.96°, respectivaly) ar natizenhle changrs
in the backhona conformetim {058 = .00 1 backbane rmad. for
rosidues 76-104 to mesn shroctary with NME-derived restraints anly).
Thus the difference in confirmation seen for the Cys™/lya*™ disulids
bend may reaslt froms tha lack of experimental dihndral angle restrainty
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el g ;
ShorTACH
JACLdia2
TAC.d¢
tioen of TACT verinnts, A, schrmntie of . .
the domain sbruetyre of full-length TACT,
itz altmmativo splioy varjsnt shortTALT,
mnd the recombinant protedns used in this
utinly, B, abortTAC con induen NP«H as-
tivaticn through ejthar APRIL or BAFP,

Human 13937 cells wets cotrnosfected
with ths indicated amounts of expresaion
plasmidy alomg with 250 ng of ELAM-0-
ciftrase reperter gans plasmid and 25 ng
of pRELTE. 20 b efox e
parter gena artivity was detorminad with
¢he dunl Joceraen reporter aneny gystam
(Protnegn),

| ERFFEOY
APRE M «

ond tha imprecise natore of tha NOE restrninta in this region.
Production and Crystallimtion of APRIL-Receptor Complezes—a-
PHIL (15, 28) md TACI 49 weza rombined fn buffer A, purifisd as 8
mpfamms-ﬁmlmninhuﬂwﬂ,mdcmmmdhiw
Cryuinls grew ot 18 *C frazn sitting drops containing 1 ui of protoin and
1 pl ef reservoir solating (70% mathyipmatuns diol, .14 Hepes, pRT.5).
Tha enplex of APRIL aud BOMA-Z was fisst purified over gn 575
siriny colomn in ueflor A, then Z-domapin was removed by dleavagn with
endeprotainase Lys-C (EMD Biosciences), and the somples was repuri-
fied gver tha 5-75 colemon, AFRIL/BCMA fractions wers noentratsd tn
B.ﬁmmmwmmﬂm‘cﬁmﬁtﬁagdmpammﬁ:gl;dd
protuin and 1 of reservoir solution (0.1 MES, pH 5.0, 5% PEG 8900,

ood 10% FEG 1000),
Cryatallogrophy—APRILTACT A2 eryntnly were eryscosled withost
sy additional eryopmiestant, Tha APRICBOMA eryatals wers firet
tamsfinred to s artificlal mother Youor containing 0.1 # MES, pH 6.0,
5% FRG-B000, 10% FEG 1000, 400 mye Nall, ond 10 sy CAPS, pHS.T,
Mather Yiquor wan dlowly exchunged for n eryoprotectnt consinting of
ths mofher Houer with 20% FEG 300 and ther coaled by immersion in
Hquid sitrogrm. A 1.9 A date set of APRIL/TACT_ A% and 8 2.35 A data
sl of APRIL-BUMA were callected] ot 19BM at the APS. Procassing of
the APRILTACT 47 duta with HEL resalted inndntasetwithﬁwﬂ
8.6% (85% in tha 197190 A ahall), 89.6% compisteness, 65614 roe
dundarcy, end <Vol> = 7.4 in space group P4,2,2,, whevean jrosess-
ing af tha APRII/BCMA dirta with HEL (39) resclied in a data set with
Ry @ B.7% (£3% in tha 2.43-2.35 A ahell), 99.6% coompletensan, §.4-
fold redundrney, and <lol> = 117 in spaes prowp P, (Tobls 34). The
sinicioren were soived by molemnisr moplecement with the
AMolis uging the strostem of APRIL alone (FDB cada 1752 (28)) as th
search model for the APRIATACT A2 data, end tho rofined APHIL

h‘!maru:mﬂim!zsﬁnmthatmp}nu the search modal for ths
AFEIL-BCMA, date. Refinamnnt of hoth stroctores was performed with
tbupryxm!mREF,MAGSCW)m:!miud:dﬁSmﬁnmtmﬁNCS

y: purataly on APRIL and tha recepier, tesulling in
o R/R,,,, of 18.7/20.8% for the AFRITPACE 42 struchos gnd an
Bl of 17.8/21.3% for the APRIL-BCMA giruchure (Tabls 541,
HESULTR
“ShortTACT": 4n Alternatively Splired Form of TACT Con.
tadning o Single CRIM--As part of an attempt to find additionsl
BAFF receptors through expreasion cloning (8, 41) wa isalated
a aplica variant of humen TACT wherein exon 2, whirh encodes,
the first CRD in the extracelluler rogion, was replaced by a
uingls residus, The polypeptide generated by this alternative
splicing event {shortTACI) contains the fret 20 rexidues of
TACI, e tryptophan residoe in place of 47 residoes that encods
CRDY, then the rest of the protein inttuding CHD2, the trune-
mambrans, angd the intracelluley regions (Fig. 14}, The identi.
cal aphice varient was ales in the public GenBank
{ncession nomber AAPETE20). Provimualy we have Buwwn that
stimalation of PACI by ita ligands AFRIL and BAFF can lead o
setivation, of NF«B in vitro (10). Interestingty, we found that
hort TAC] wag capable of mediating NFxB artivation by either
APRIL, or BAFF (Fig, 18), The assay depends on cotranafectim
of the Hyund and receptor, hense the exent of signaling ob-
surved will depend in part on the relativa tranafection efision.
cies for each gene. Therefors, quantitative comparinons cannot
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'2'3 0.8 I is . 4
A i 1
8 (X ] .
E f
EXY
o
E
& o2
]
- K W b toon 1t ¢!
Compailng Recapior nM)
B AFRIL BAFF
Carmpaifor 10 (M} 104 {nM}
TAC d1d2 1148 13207
TAC!_d1 2000 >HHP
TACI 42 50x14 18213

hmimuﬂmbinﬁngbymmn&mpsﬁﬁn
smﬁmphmmmmmwﬁmmbmmhinﬂingwm
ar BAFP were perfonsed ns desaribed noder imentz] Proce-
mm,mmmammmuum-&w
gﬁmﬁ e s I‘C'.,,-vn] s o o iting

open. trizng R ueg for campatbitive bi

APRIL aod BAFF arn shown s the mean of two (TACE_A1) ar thres
{TACT_d142, TACT, 4% independert experimentn An gsterish (% indi-
m!zsmnminm:ﬁnnwuuhmwdmﬂmﬂ.ﬂmdm.
but the binding corea could not be Stted adeguately to derive an
acenrats 10y, value,

be mods from this sxperiment. However, the ghacrvation of
BAFF- ar NF«B activation by shortTACT
indicatss that TACI CRD1 in not required for ligazd-dependant
cell signaling (Fig. 18).

TALT d2 Is Sufficient for High Affinity Ligond Binding—
Given that shortTAC containing nnly a single CRD was CRpA-
bla of lignnd dependsnt signeling, the akilities of the ndividus]
CRI afEACI(TACLﬂ.I,’I!ACLdZ)andam&u;tmtaining
both TACI CBDs (TACI d1d2) were evaluated for their abili-
ten {n hind APRIL ar BAFF (Fig. 14). By surface plusmon
regonpnee competition experimenta, the 42-residue TACL 42
fragment wua found ta have high affinity for both APRIL and
BAFF {ICq = 6 and 2 nu, respectivaly; Fig. 2). Moreqgver, tha
addition of CRD] (in the context of the TACT d1d2 fragment)
did net eanfer edditionsl affinity over that menpured for
mm,@mfurdtharﬁgmd.hmnmt,thszﬂinityuf
TACI 41 wea aubstan&aﬁywaakmthmthnznfﬂm_dz,wﬁh
ICyp velues in the micromolar range, for both APBRIL, and BAFF
(Fig. 2). Competitive enzyme-linked fmmunocsarbent &5BBYS
confirmed that TACI d2ia auificient for high affinity binding to
beth liganda, with no improvement in binding with TACT d1d2
{data net ghowm),

Thesa results are consistent with thoss reported previously,
where Kim ef ol (24) fonnd that eash domain of human TACT
was capebla of bindirg BAFF through ia respective DXL moti?
{when meanmed in the context of Fe fugion proteins) and that
mutation of both DXL matif in full-length TACT was required
to eliminats BAFF hinding as detected qualitatively by cuim-
munoprecipitation. Cwr interpretation differs from Xim ard

Fig, 8. Balution stroctore of

TACI 2, A, starm view of thy en.
semhla of 20 TACT €2 models showing backbore OV, Ca, C atoms) of
residurs G8-108 and sida chain ataras fiy Cye™/Cps™, Cye™

rad, ure alas ahawn to

wam, and Cyl‘”/CSBm‘- Wﬂ 1
emphasies i

{Asp*, Im“.lm”.mdmn”]mmmdhwmdﬂxﬁrﬁd:
chain confermations a7 pet wel defined i the enssti.

to-workars {24), however, because of the finding that TACT d2
has much highar Ygand binding afinity than TACL 41 Fuar-
thmmthaﬁﬂ.mﬁ!hnntmmedinmxﬁnemm
CRD1 (41). Therefore, in the sontext of the full-length receptor,
these date sugpest thab the membrane-preximal CRNZ will
oceupy the DRI -receptor hinding sita on the ligand, with CRDL

Solution Strusture of TACT_d%—The solobion atructure of
TACL 42 was determined by NMR spectrodeopy 28 daseribed
under “Brperimental Procedures® and in ths S tal
reaterinl (Tables 81 and 52). The ensemble of the 20 stractures
of TACT, d2 having the lowest restraint violstion energy (Fig.
34} shows 8 well defined core between residues 76 and 105
(0.52 * 0.08 A avernge r.m 2., to the mean coordinates for N,
Cor C backbona atams), with residues at the N and © termini
bedng poorly defined. {*H)-**N heteronuclenr NOE values indis
cate that residuen ot the extrema termin (residues 64-70 and
106-108} mxe highly flexihle on the psna time senls (Fig, 81



7222

The diserder of residues 7175 in tha eusembls {s the result of
ala:kufmstmiuhhdaﬁnelhiamgimanﬂlikﬂyalmbecauan
of conformationsl haterogeneity en n ge-ms time scals givan
mmadnmdmyufthepemfm&asarmidmm
regim glas adopts very different eonformations in the thres
TACI d2 cheitns present in the asymmetsic unit of tha
APRILTACI 42 erystsl strochrs {820 below; Fig. 34).

Thnwunﬂfddufﬂﬁl_&ﬁisaimﬂnrtnthntobaumdpre—
viously for the related TNFR BOMA (26) end eonsists of two
eubmodulen: an N-terminal strand connected 4 a B-hrirpin
(residues 76-88) with a type I roverse torn containing the
conserved YL medif, and & short helix-toop-helix suhmaduls
consisting of & turn of 3,y-helix (hi, yesidues 85~82), an inter.
veniag loop, and a distorted C-tarminal 3, heliz (h2, recidnes
98-106). The disulide bonding pattern is alao similar to that of
BCMA: coa disulfide bord (Cya™/Cys®) connacts tha N termi.
nus to the S-hairpin, and fwo daulfide bonds {Cys®®/Cysi®®,
Cya™/Cyn'®) renneet b1 and ha.

Tho backboma of the conserved DT, loop in wall defined
(0.13 = 0.0 A backbons r.m.a.d. for residuss 78-87) sd gu-

iraposes nicely with that of hoth BOMA trm.a.d. 0.98 = 0.04
ifurmsiﬂm 13-22 of the sight eopiey of BOMA; 10QD (26)
tnd BES (rme.d 0.66 A for residues 24-33; 108X reprasent.
ative structure (23)). The sromatic side chain of Tyr™ is well
mduedinthamamﬂaanﬂispcaiﬁunadahaw&akm&;ﬁnm
equivelent gromatie residus i3 presest in BOMA snd BR3
(Phe* in BOMA and Phe™ in BRI}, Energetic studiea of hair-
pin stability have suggested that a bulky hydrophobic or aro-
mﬁsdﬂachﬁnattﬁamﬁﬁnnmsmbiﬁzahﬁxpinwm
(Ss.ﬁ).Tﬁmainawaumdmdhyﬂmphohi:mfnrmedhythe
side chrina of Phe™, Ne™, e, and Pro™. Tha pids chain of
Hia™ is slao wall defined and packs into the interlor of the
C-terminal gubmaodnle

Mutoational Analysie of TACT_d2-A combinatarial {zhotgur)
elaning sean (32} of TACL A2 was nsed to determins the ap-
parent eontribution of individoal amine acid aids chains to tha
hindiagnfeitharAPREurBAFF.Thmediﬂ'mtﬁhmﬂea
were gensrated ta allow mutaben of reridues 72-109 {except;
positims whars the wild-type redidue is cystaing or alaning).
Wild-type codons were raplaced by shotpun alsaine codops,
aliowing residues to vary as ths wild-type amino acid or ala-
nina, For positiona whars the wild-type residus in Arg, Asn,
Gln, Hig, llg, Yeu, Fhe, ar Tyr, the shatgun codon allows two
additional pudino asid substitutions (392) (Table 83) Siraglar
apalyses for BRY apd BOMA hinding to BAFF aud/or APRIL
wera raparted previsusly {15, 23).

A total of 12 TACT Tesidues resulted in significant loss of
affinity for APRIL snd/or BAFH when mutated to alanina (Fig,
4. ﬁuereﬁdummpmammamnﬁmmthnm&
gtrueture ang indicata that both submeodules of PACL d2 are
impartant for ligand binding (Fig. 48). Seves residues from tha
DXL hairpin showed signifieant effecta, including both the B
{Asp™) and L (Leu™), which are clemrly eapentinl for beth
AFPEIL and BAFP binding becnuse the wild-typa residua wes
elwayn selected. Lan™ at the Hp of the f-tum was alio rels.
Yively intrlerant to substitution by alaning for eithar APRIT, or
Emﬁuﬂhgmtm&eqnanﬂymplnmdbyvalm especially
for binding BAFF (Table 53), Furthermors, a hydrophobic res-
idue af pesition 87 is clearly important, as anly isal=ading {tha
wild-4ype residue) or valine was selacted for hinding to bath
ligends, Residues from the Coterminel submeduls incloding
those from bl (He™} and the hih2 loop (residues 94-97) also
showed contributions to binding (Fig. 3B). It contrast, the h1R2
InnpufHCMAmsnntfuundhbaimpurtmfml{gmdbinﬁing
{15), while this Joap is essentinlly absent in BR (28), Gly™ and
Hig® might play & role in stabilizing the strusture piven that

Structures of TACI, APRIL-TACI, and APRIL-BCMA

100

10

i)

e e
Residus- “E

i i

AFRIL {hetehed) oy
izh {*} ahova {ndicpte vat
was not shierved st thesy pasitions,

the giycine adopta & positive phi valve (which would not he
mdﬂynmmmndsbsdhyahnine),andﬂia“inbmiedintha
TACI 42 structirs, thog loss of binding upon alanice substi-
tution of thase residues might ba the result of indires effectn,
Howaver, Gln™ pnd Pro™ lina the conerve mrfuen of FACT d2
and conld eontributa directly to ligand binding (see below),
ﬁnally,mamlpaﬁﬁmahnmdéiﬁmteﬁmtsmm
andBAF?bindingmdm]thyhbeinvnlve&in]imd
apecificity. For example, Fha™ was found to ba impartast enly
for APHIL binding (P = 28 for AFRIL, god 11 for BAFW,
wﬁmaammﬁmnférg"anlyahmdlmauanmbind-
ng (F = 1.1 for APRIL, and 16 for BAFF),

Structure of APRIY, BaunmeACH’_%‘I‘lmuTstalntmn-
m:eufmmumplnwiﬂzm&mﬂsﬁmzﬁnadnﬁLB
Amoluﬁnnbymnlemhxmplammmudreﬁmdtnm
of 16.7/20.3%, respectively (Pig. B, Tabls 54), Tha strazture of
thaAPBE;mmpnnmtcfﬂmmmpluismsimﬂartutha
stm:tmuffreeAPRIL,maptthataamﬂloopa (AA", OD,
audEF)murdmdinthawm;ﬂax,whinhmeitherdiaur~
deradcrnnlymargimnynrd&reéinmmmnfﬁ'uam
%).mhﬂmmmdmm,&ziasimﬂxmmm
stracturs (heckbone rone.d. of the threa ehoins in the REym-
meuictmiththamaanmmmmiaﬂ.ﬂ;‘:ﬂ.ﬂﬁfur
Tesidues T6-104). However, the h2 halix ia longer in two of the
erystallographic chains [Fip, 34),

In genernl terma, TACT 42 binds APRIL in a manner similar
tnthawsythehnmolngmszwpm,BCMA,hindsm{Zﬁl
Tha DXL, motif farms & bydrophobis ridge with tha two lausins
residues (82 and 83) &t the Hp of the TXL tum nestled in a
hydmhuhicpankathPRﬂ.EhatiBﬁngedhyAPRILmﬁdu&s
Pha®, Val*™®, ArglBd) o Tyri®, aud Arg®ad {Fig. £B). Tha

form the “rim® of the pockat, are more urdered in the comple.
Tha firet hebix of TACH, hi, contacts APRIT, residusy 194197
in the EF loop, Tha receptor h1hd loop cantasts four Toops an
APRIL (EF, CD, GH, end AAY),

Tha AFRIL binding surfice on TACY d2 encompasses the
entirs cancava surface defined by motegenesis; ~1,700 A% are
buried in this extensive interface (Fig, BA), The functinnally
important residues, Lau®, Lau®™, and T in the DXL hairpin,
Ne® in hi, and GIn"amiPm”inthBhl&Iocp, form &
predmﬁmﬂyhydmphohiwmﬁwthazmt&amwimm
OnlyAap“inthaDZLmuﬁfanﬂGln”inﬂmhlhzbop
participats in hydrogen bonds, The backbopa carbony) of Gln®s
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Pt &, Crystal sirachures of APRIL-recsptor complexes, A, rikben struztere of APRIL/PACT 62 commplox. Tha AFRIL trimer {residoes
15-241) iv shown in groy, yellow, and pink, and ths thres copies of TACT 42 am colored blue. In this orientation, the mambrims of the
TACT-presenting cell wonld be Jocated at tha bottom of the figure, B, crmparisom quPRlI;mpﬁrmp]M.ﬁaDﬂ.mnﬂf.kl gud the hlh3
toop, nmahnwnfurbuﬁ:TAﬂI_&ﬂ{quu)anﬂBﬂMA(nHm.hhéxundaﬁm. Jida chains from APRIL (white, labels itnhivired) which fmternct
wihhmphrmrmdmzdu:ﬁcﬁa.ﬂ.mpnﬁmdﬂ(ﬁ_dﬁjmmﬂm.m&m;sdthﬂﬁmmwpmhr@mmw
mshmmp&ﬁnpuadnﬁng&sha:kbmuhmdmﬁdm&thaﬂﬂmﬁf&uﬁm?9—85,14-20.m{lZNliI}TACLd&BGKA, mmd BH3,

-

firms 8 hydrogen bend to the backhens amide of Pha'®, bydrogen beuda Ykaly contributes to siabiliring the ssnforma-
wheress the side chain carbenyl forms bydrogen honds to the  tiem of the APRIL CD and EF loops, which gra panely ardered in
gusnidininm moiety of Arg®™ in the EF loop from ot adjecent  the sbeemes of recaptor, Nedthar recoptor residus Tyr™® nar
protomer (Fig. BB). Furthermore, the side chuin amide provp of  Eig™ interncts d&wﬂymm.hmhﬂthmlﬂmly
GIn®™ furmy hydrogen bends to the carbanyls of Thr® i the impmtfarbinﬂingbemuxaofindilmteﬂhc{znumbﬁn
APRH,CDInopnndMet”‘inthsE?Ionp.'i‘hiam&wwlnf mw&b.hmbﬂshm”mhahlyhashuthammm

S M A ——— e A— W P ATELe sl f el ee——— e en ——
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Structures of TACI, APRIL-TACT, and APRIL-BCMA

TAGLd2

T

é—- |

ms.nnmmmmma,mbmk
an melecalar gurfases. Resfduon in the interfaen pro
E0-T4%, arange; T5-100%, red). H, open boak view of thy interfncn

Regidues in the intmfacs
of TACI, BRS, and BOMA CRDs.
mpecﬁnauqmm.ﬂyshﬁnumidneumm@lighmﬁnmm
cysteing connestivity in TACT d1 i

visw
4] A

functional roles: it does ot bury significant surfecs area (3 A2)
but helpa positien Phe'®? of APRIL, a8 well ag restricts the
relative orientation of the twe submadules of TACE d2,
Structure of APRIL Bound to BCMA—Despite the fart that
TACE encodes twe CRDg, the structural and functional results
disceased abova atgue that ligand binding by TACT can be
ammtedfmhyasinsiadnmﬁna!ﬁnfnthatofthzaingia
CRD-containing receptar BOMA. Hence, to compare direstly
the interactions provided by TACE 42 with those from BCMA,

of the {nterfacs of APRIL, and

by percent of necoaaills mariieg

of APRIT, and BCMA, APRIL

mmlmﬁhypﬂmtufamaihhm:emnhﬁadupm
atroctural

wadzfaminedﬁxash'umneufﬁ:aAPRILBGMAmp}axm
2.35 A resolution with ro RR,, of 17.87213% {Fig. § and
TahleSﬂ.ﬁesh-ucbm-edhheﬁPRﬂ.tﬁmeﬁaidenﬁmtinths
twe complexes with the excaption of a fow solvent expased
residues. The secondary structural slements of BCMA are #im-
flar to those in TACI 42, but the relative erientation of the
hﬁwﬁmmmmmmmﬁndﬁmmmmw
aignificantly different surfaces being presented to ths Hgmnd
(Fign. 5 and 6).

Ll P
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Deletion,g
Angesiral /
& Evohutionary
CBD._ brit BOMA-lTke

Fig. 7. Evolution of the TNFR m.
perfamily. Skatch of the poasibla steps in
the evolution of BES-like, BUMA-Yice,
end mulidemnin TNFRIke receptors
frens an ancestral xingis domnain recephar,
ool e ], g s
of whil esa i may represant
& crucin] step between single-damain and

The stracture of BOMA and ita ligand kinding mode in this
AFRIL commsplex ia sixudlar to that in the BAFF complax reparted
previvusly (26), with the excsption of tha h1h2 lop. Ths
ramad betwesn BCMA in the two complexes 35 0.8 A overall,
0.8 A if residaes 29-84 ers excluded. In the APRILBCMA
structure, BOMA razidnes 2834 make mero extunsive intan
actions with the GH and AA’ loops of APRIL than does ROMA
with the ecrresponding perts of BAFF in the BAFFBOMA

BCMA binds APRIL with significantly higher effinity than it
binde BAFF and buries more surfere sres when bound to
APEIL (1,600 A%) than when bound to BAFF (1,300 A% (Fig,
65}, The extra buried surface ares is contritwrtad by both the
ignad and tha recsptar, From the receptor, Leu®, and residuss
31-~38 p2l contribute signifieantly mors murface ares in complex
with APRII, than when bound to BAFF. These residues contast
aress of APRIL which ave different in buth sequence and con-
forstian from the emrespmeding regions in BAFE induding
tha tip of tha AA’ loop (residues 120-123) and the EF luop
(residuey 194-108) whers there 35 a Z-residus insardion in
APRIL with respest to BAFF. -

DIRCUBSION

The Membrane-proximal CRD In the High Affinity Ligand
Binding Domain of TA(T—We have shown that the second
CRD of TACT (TACT d2) binda hoth APRIL and BAFF with
high sifinity, wherans the firt CRD does not. Furtharmore,
binding to either Lgand is not eobancsd by the nddition of the
first CRD, aa would be present in tha extracellular damnin of
the full-dength gena product. Consistent with the membrans-
proximal CRD2 being ths primery dstesminant for ligand bind-
ing, we fonnd that an sltarnatively spliced form of TACL
ebortTACL, which lacis CRD1, can indues both APRIL- and
BAFF-dopendent NF«B pefivation in tranafectad cells, Given
thdz, TACI seams to share more similaxity in its Lgand hinding
properties i the more unpsusl mambers of the TNFR family,
BCMA end BR3, than to the mulidomein TNF receptors snch
23 TNFR1 or DRE.

Simiarities and Differences among the Reveptors for APRIL
ond BAFF-—A saperposition of TACT 42, BOMA, and BR3 re.
veals Temarkahls similarity in the struciure of the DXL hairpin
in the N-tarming) submoduls of the domedn {(Fég. 5C}. Signifi-
cant diffarences are spparent, however, in the CHtermingl sub-
rodule; the secondery stroctursl elements in this region (h1,
loop, and k) have different relative adentativng in TACT 42
and BOMA and, with the exeeption of b1, are mizaing in BRS,
For example, although the TACI_d2 and BCMA hatrpins su.

Genp
“Dyplicalion ~
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BR3-ilke

"' .
Evululnany Ditf,
ot R Duplleatinn

TACIlike
ona dotffitln less
Tuneflonal

Multh-damaln
Regeptory

perimposs wall, with & backbone r..6.d. of 0,91 A? (residues
11-88 and 12-23, ectively), the ovarall hackhane ramad.
for tha domsin is L6 A, Importantly, these &ifferences appese
to ba » property of the different receptors thermselves and not s
mroduct of & ligand-induced conformations] change given that
the sohrtion strocture of free TACL_d2 and the erystal stroctors
of TACE_d2 in compler with APRIL ure essentially the sams in
this regicn (Fig. 84), s are the sructures-of BOMA in complex
with BAFF or AFRIL. Such differences in domain strurhmre
indizate that slthough all thres recopbors can intersst with
thetr raspective lizands in & similar feshion throngh thair DXL,
motifs, the interactions theemph their Cotarming] subreadnles
will differ and Lkely will dictata ths relative affinity and spac-
ificity amemg ligand-receptor pairs within the APRIL/BAFF
famfly. Far example, Arg™ fram BCMA packs against the sams
region of APRIL a5 Pro™ frem TACT 2, deapits the fact that
they are offsel in & primary sequencs alipnment by 5 residues
(Figa. 6B and 6C), Purttermare, Glo® in TACT_ 82 makes ax.
tonsive contacts with APRIL and yeb has no counterpart in
BOMA.

APRI-Recepiar Complexes Compared with BAFF-BR3--The
AFRHO-receptor interfaces, althongh eimilar to BAFF-BRS,
male gignificont contacts bayond thoss mediated through the
DEL metif, In BAFFBR3, the IXL heirpin makes the majority
of yeceptaor contarts {~T5% of the buried surface aren conbrib-
uted by the receptar) (24, 26); whereas in both the APRILTACT
and APRIL-BCMA complexes, the recapter DXL hairpin cone
tributes only ~50% of the total boried surface ares. Docking
BRI onty APRIL shows that ths BRY bairpin eould be sccom-
modated with nn sterie clashes and result in mm inter-
face of ~1,000 A? (~80% from the DXL hairpin), yet BRS does
not bind APRIL. Instead, APRIL, seems to requirs additionsal
contacts from other partions of the recaptor to form high affin-
ity interactions, The partia] CRD of BRS doas not contain the
second submoduls end hence cannot gwovide these contacts,
Furthermore, one of the kay APRII-specific binding determi-
nants (Fhe™ of TACL Tyr'™® of BCMA) identified by alanine
seanning i not conserved in BRA (Fig. 60,

An Extengive Ligand Binding Interfece Presented By a Single
Receptor CRD--TACT_d2 differs from multidomein TNEFBRs by
uaing most ofits ORD surface to contact ligand. (Mg, 64), Inthe
case of TNFRI and DRS in eornplax with their respective -
gands, the majority of ths ligand binding interactions steem
from ona loop from each of two adjacent CRDs (analogous to the
bairpin in BAFF and APRIL, receptors, although differisg in
length and conformation), aod both CRDs are required for
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ligand hinding {44-47). BRS dows not dsviate fom this ap-
proech in that contects are mads primarily from 2 single re-
ceptar lnop, excopt that it manages to gensrats high affinity
BAFP binding through interactiong with ane receptor domain,
Howsavar, TACT 42 tinds APRIL caing a copbimnus sucface
formed by residues from every secondery struchral element in
the domain. In so daing, the APRIL-TACY 82 intarfaca (1,700
A3) ends up being stmilar in overall siza to the mukidomatn
TNFR tinding sites {24, lymphotoxin TNFR1 buries ~2,100
A®) yet anly occupies e focesed regicn on the Npmed surface.

Model of Intact TACT_d1d2--A hamolngy modal of TACE d1
was genernted based on the straghyre of TACT A% Bumsan
TACT_d) is predizted o sdopt a simiter XY, heirpin fuld that
eould bind ligand in & feshion similar to that seen for the othar
APRIL or BAFF recopters. TACT_d1 is aleo predieted to chara
tha aama disuifide connactivity and halical seeandary strusture
for its C-terminel sxbmmodule However, the hih2 loop, which
makes key contacts with lgand in the APRIL/TACL 42 com-
plex, differs in length end amino acid seqmence hetween TACT
domains (Fig, 807, Thus, these changes ara likaly to be respen-
sible for the lower affinity of TACT 41 for ligand binding.

Uiy this modal of TACI d1, 2 model of intact TACI did2

woa constructed. The coonection between the two CRDs in
TACT conaista of four residues, This is different from sther
multidonain TNFR whars typically there are only 1-2 residues
between the last cysteina of a CRD and the fret eysteine in the
follosring CRD), with these residues forming part of o f-sbrand.
The connection in TACT iy unlikely to form a S-strand besross
the finel cysteina of CRDI i expected to be part of & pmsll
holix, similar to that of TACE 42 or BCMA With unserteinty in
the confirmation of tha stumesting Yinker, the relative arienta.
tion of the two CRDe with respest to each other is diffienlt to
predict. Ona could model CRD] such that it towushes the Hgand
wurfnre while CRD2 oecupins the primery receptor hinding site,
Howaver, becansa the addition, of CRDY adda no firther bnd-
ingrenergy campared with that of CED2 alone, CRDI does not
likely make extensive contacts to ligand.
. Degpite the uncertainty in the orientation of TACT_d1 with
reapect to TACT d2, eomse medels of poswible intersctons of
two-domain TACT with ligand can be raled out on £ha basis of
ateric considerations. Doelting the twp-domain construst of
TACK to BAFF (FDB code 10QD) (30) indicates that the hy-
pothesis raized by Kim and co-workers (24) that TACT might
bridgs two binding sites on adincent fimers in the hipher order
virus-liks BAFF cligomar is physically impossible. In ozder for
CRDa 1 and 2 to bind 1Y pockets an adjacent BAFF trimers
simultacenusly, the finsl CRD1 cynteine (Cya®®) would need o
be ~30 A from tha fimst cyrteine (Cys™) in CEDS, which i
frther than esn be spanned by the 4-residua (S'RITS%) inter-
domain linker. Similarly, TACT CRDs 1 and 2 carmot aimulte-
negnaly bind in the seme manner ta two diferent APRIL (or
BAFF) protamers within the same trimer g the distance be-
twean the C-teyminal cysteins of CRDI to the N-terminal cys-
teine of CRD? weuld need to be ~40 A% to rench the two binding
pockets,

TACE An Intzrmediate in the Evolution of the Multiderein
TNER Superfionily®—Despits the presence of twe CRDs in tha
human TACK saquence, TACT appears to finction kike a zingle
dermain recepter requiring only CRD2 for high affinity interac-
tions with either of its ligands, The presence of twn domains,
each with & DXL, mobif, is likely tha resclt of 2 gens duplication
event that added a sacond eopy to an originel DXL -containing
single-domalin recaptor, In this seonario, the additional domadn
is not funetionally required for ligand binding, thus random
mutationa eculd eccomulate in ORI over time such that it no
longer can bind dightly to cither APRIL or BAYF, In this

Structures of TACY APRIL-TACI, and APRIL-BCMA

centext, CRDY) would ba considered an evolotionary remnant.
Congistent with this hypethesis, the DXL, motif i5 not eoo-
gerved in murine TACT CRDL Thus, TACI might resapitalate
an carly event in the evolution of the TNFR superfamily, tha
trangition fram one damain to many (Fig. 7). In an intermedi-
sta stap, reprosented by TACY, the extrs, domein{s) are only
partially functional having not yet evalved to recopnize differ-
enf: sites on the lizend {although the fermal pozaibility remaing
that TACT CRD} could play ansther, as yet undefinad, role). In
other TNFR family membem, extra demaing have been opti-
mized to fonetion togather to form the high affinity complex.
Additional CRD3 can have rolss in providing stability, regule-
ﬁm(ﬂ},mmfmgmmmmﬁaaﬁgmdmcpﬁ-
mize effinity and specificity, Thus in the structures of the
receptors fir APRIL and BAFF, two opposing evolutionary
options are representad: BRI chowing the minimization of a
canonfenl CRD to an even mary cornpact format and TACK
showing  passible intermedinte in the evelution of larger,
more complex, molttidomain preteine,

Achnawlsdgments~Wa thenk Deznne Cronpean for initinl orystalli-
zation trials of the APRIL-receptor enmplences emd belp with x-ray data
collection; Weyna Faithrother for haipfisl discosaions; and memhers of
tho INA synthesis, DNA sequensing, N-tereing} sequenring, oad masa
spectroretry growps at Geaentech, The une of APS beambine 193M was
suppurted by the United States Department of Enerpy, OfFen of Bnergy
Research, snder Contract W-1-109-ENG-38.
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SUPPLEMENTARY MATERIAL

Table 81. NMR experiments used to characterize the solution strusture of TACI_d2

Experiment SF Dim. Nue., NS SW Points T Offcet
(MHz) (Hz) (complex) (ms) (ppm)
"B-"N HSQC 600 1 N 4 12755 256* 1180
2 HN 8620  4006* 4.92
'‘H-BC HSQC 500 1 c 4 4032 512# 12.4
2 H 6250 2048+ 4.86
TOCSY-HSQC 600 1 H 16 6024 128* 69 492
2 N 12755  32* 118.0
_ 3 HN 8620 1024+ 492
NOESY-HSQC 600 1 H 16 6024 128+ 200 492
2 N 12755 32 118.0
3 HN 8620 1024 4.92
HNHB 600 1 HB 32 5760  90* 4,92
) N 12755  32* 118.0
3 HN 8620 1024* 492
CBCA{CO)NH 600 1 CAB 16 9058 29+ 4.4
2 N 1340 30% 119.3
3 HN 6250 1024* 4.93
HCCH-TOCSY 600 1 H 8 4202 128+ 25 493
2 c 4854 42+ 32.9
3 H 6250  2048* 493
YC-edited NOESY 600 1 H 16 5768 128+ 50,150 493
2 C 4930 32+ 329
3 H 6250 1024% 4.93
'H-'H NOESY 600 1 H 9% 5763 400* 200 493
2 H 6250  4096* 4.93
{'H}-"*N NOE 500 1 H 16 6510  2048* 492
2 N 1014.2  128* 119.3
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Table S2. Statistics for the Solistion Structure of TACI_d2

Perameter Ensemble
Input resiraints
NOE Total 466;
Intra-residue; Sequential; Medium-range; Long-range | 124; 55; 123; 124
Dibedral Angles Tatal 188
by &yt s 40; 27, 30, 25, 6
Violations
RMSD from experimental restraints
NOE-distance (A) 0.0045 x 0009
Dihedral () 0.18 £0.04
NOE distance violations
Number>001A;>014 124 %2.4:0.0
Mean meximum violations (A) 0.04 0,01
Dihedral violations
Number> 0.1° 78423
Mean maxirsum viclationg (%) 0724024
RMSD from idealized peometry
Bonds (A) 0.0009 = 0.6061
Asngles (%) " 0.27 £ 0.01
Impropers (%} 0.12%0.01
Energies
Energy companents (keal.mol.™")
NOE (466) 036=x0.12
CDIH (188) 0.09 = 0.06
Bonds 0.70:+0.18
Angles 15.34 0,96
Impropers 0.88 %0.15
Vanb der Waal's B.O6 1,74
Stereochemistry
Ramachendran (%)

Favored; Allowed; Generous; Disallowed

66.8,31.6;1.6,0
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Structural precision

Mean RMSD to mean structure (A)

Backbone
Residues 76-104 0.55+£0.08
Residues 76-88 0.28 £ 0.05
Residues 88-104 0.25+0.10

Heavy
Residues 76-104 0.92x0.10
Residues 76-88 0.81 0,13
Residues 89-104 0.61 £0.10

* Amide groups were restained to be within 10° of planssity. * Chi-1 angles were restrained to a
particular staggered rotamer  30°. © In the case of eysteine residues for which a unique rotamer
could not be defined by the HNHB and NOE data, two or three overlapping restraints were
applied to limit the side chain to cccupy staggered conformations only. Chi-3 angle restraints
‘were restrained tp 250 £ 20° by using two overlapping dihedral angle restraints.
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Table 83: Combinaterisl Shotgun Alanine Scan of TACE d2

residue} m,m3

BAFF

selection
wt Ala m2 m3

APRIL
selection

wt Ala m2 m3

wt

Display
safection
Ala m2

Ala

F{BAFF)

m3

F(APRIL

Aln

m2

)
m3

72
K73
E74
Q75
=76
K77
F78
Y79
DRC
H81
B2
LB3
R4
DES
ces
187
588
ceg
ABG
591
19z
co3
Go4
Qa5
H96
P97’
K98
Q99
T100
AlD1
Yioz
F103
c104
ELOS5
N1DE
K107
L108
R10%

The occurrence of the wild-type residue (wt) or each mutation (Ala, m2, m3) found among

sequenced clones following two rounds of binding by ligand selection (BAFF or APRIL) or
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i2
Hj
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4

15

11
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14
3

0.4
20
06
0.9
13
17
L1
59
>42
Ly
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15
16
0.8

»30
22
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10

15
7.8
29
1.7

20
13

1.9
0.9
11
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e.9

04
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0.7

0.3
52
»5.5

13

>61
15
13

>22

0.5

58
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37
0.8

0.5
8

15
1.3
1.5
12

0.6
8.9

0.8

0.6
0.8
>36

0.8
>25
1.6
>52

0.3

>54
20
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1.8

1.4
0.7

12
1.1
12
1.2

L1
1.6
Q.7
1.4
1.5
1.0
29
>21
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20
>29
-31
11
0.5

=27

3B

a1
i1
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12
>28
3.5
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13
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0.9
1.0
L5

0.6
7.7
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display selection (anti-tag) is shown for the scanned positions in TACI_d2. The occumeace of
wild-type divided by mutant provides a wt/mutant ratio for each position {not shown). A
normalized frequency ratio () was calculated to quantify the effect of each mutation on ligand-
binding while accounting for display efficiencies: i.e. F = [wt/mutant (ligand selection)}+
[(wt/mutant (display selection)]. Deleterions mutations have ratios >1, while advantageous
mutations have ratios <1; boldface values indicate a >10-fold effect and are considered

significant, Certain F values represent a lower limit since Ala, m?2, or m3 were not cbserved at

' these sites in ligand selection.
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Table 84. Data Collzction and Refinement Statistics For APRIL~Receptor Complexes

Data Collection
Spacé Group
Resolntion (A)

Unit cell constants (A)
R,mb

No. observations
Unique reflections
Completeness (%)}
Asymmetric Unit

Refinement
Resolution (A)
Final R®, Rexs (%)

- No. solvent atoms

Rmsd bonds (A)
Rmsd angles ()
Runsd bonded Bs (A%)

APRIL~TACI_d2

P2:2:2,

50--1.90 (1.97-1.90)"
2=593b=918c=1023
0.086 (0.347)"

289,762

44,579

59.6 (100)"

1 APRIL trimer; 3 TACI_d2

30-1.%0
16.7,203
131
0.009

1.2

3.0

Ramachandran Plot (%)  92.3;7.7; 0; 0

APRIL-BCMA

P6,

50-2.35 (2.43-2.35)*
a=1143¢=912

0.067 (0.425)"

266,614

28,292

99.9 (100)*

1 APRIL trimer; 3 BCMA

30-2.35
17.8/21.3%

37

0.010

12

28
91.5;83;0.2;,0

* Numbers in parentheses refer to the highest resolution shell.
¥Ry = |I-<I>|/ L L <I> is the average intensity of symmetry related observations of a unique

reflection,

*R=E[FeF|/ ZF,. Ry, is calculated as R, but for 10% of the reflections excluded from all
refinement. The Ree: st was chosen in thin shells due to the 3-fold non-crystallogzaphic

symmetry

¢ Percentage of residues in the most favored, additionally allowed, penerously allowed, and
disallowed regions of a Ramachandran plot.
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Figure S1
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Figure S1. Heteropuclear NOE values for TACT d2. Steady-state 'H-"N heteromuclear NOE
values are plotted as a fanction of residue mumber, Absence of a symbol indicates the presence of
proline or a residue whose amids resonance was not observed. NOE values were calculated as

the ratios of peak heights in the spectra recorded with (NOE) and without (no NOE) proton
saturation. NOE values below dotted line indicats that these residues are highly dynamic on the

picosecond-nanosecond time scale.
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